Two new unsymmetrical binucleating ligands, 2- [bis(3-N,N-
Introduction
The chemistry of dinucleating ligands that provide chemically distinct donor sets is of current interest to bioinorganic chemists [1] [2] [3] . Ligands of this type readily form dinuclear transition metal complexes in which the metal ions are often found in chemically or geometrically distinct environments similar to that found in the active site structure of haemocyanin and tyrosinase. The unsymmetrical nature of the dicopper site in haemocyanin is demonstrated in the X-ray crystal structure of oxyhaemocyanin [4, 5] and sequence homology studies on tyrosinases have shown that whilst one of the copper sites is highly conserved, the structure of the second copper site is quite variable [5] . This observation led to the suggestion that unsymmetrical dinucleating ligands are beacons for modeling the active site structure of dinuclear metallo biosites existing in biological systems.
In the present work, two new unsymmetrical binucleating ligands have been synthesized via a sequential aromatic Mannich base reaction using para substituted phenols, paraformaldehyde, a secondary amine and Lproline. Preparation, spectral, electrochemical, magnetic and e.p.r. properties of dinuclear copper(II) complexes [Cu 2 L(X)] + with different exogenous bridging motifs (X ¼ OAc, Br and Cl) of these ligands are herein reported.
Experimental

Physical measurements
I.r. spectra were recorded on a Perkin-Elmer IR 598 spectrophotometer on a KBr disk in the 4000-250 cm )1 range.
1 H-n.m.r. (400 MHz) and 13 C-n.m.r. (100 MHz) spectra were recorded using a model JEOL FX-400 FTn.m.r. spectrometer in CDCl 3 solution with SiMe 4 as internal standard. Elemental (C, H, N) analyses were determined using a Heraus rapid analyzer. Cu was estimated by AAS using a model 2380 Perkin-Elmer spectrophotometer. Electron impact (EI) mass spectra were recorded on a JEOL D-300 mass spectrometer. Fast atom bombardment (FAB) mass spectra were recorded on a JEOL SX 102/DA-6000 mass spectrometer using Ar/Xe (6 kV, 10 mA) as the FAB gas and meta-nitrobenzyl alcohol was used as the matrix (NBA). Electronic spectral studies were conducted on an Ocean Optics SD1000 miniature fiber optics Spectrometer using a 1 cm quartz cuvette in the 200-800 nm wavelength range. Molar conductance (L m ) values were measured using a control dynamics conductivity-meter in DMF solvent. The electrochemical measurements were performed at room temperature in DMF, under O 2 -free conditions, using an Autolab PGSTAT 12 controlled by General Purpose Electrochemical system Software (GPES). A three-electrode assembly comprising a Pt disc-working electrode, a Pt rod auxiliary electrode and a saturated calomel reference electrode (SCE) was used. The supporting electrolyte was nBu 4 NClO 4 (TBAP) (0.1 mol) and all solutions were in ca. 10 )3 mol concentration. Magnetic susceptibility data of the powdered samples were measured in the 80-300 K range using a Princeton Applied Research Model 155 VSM instrument operating at a 5000 G magnetic field. The instrument was calibrated using metallic Ni. Diamagnetic corrections were evaluated using Pascal's constants. e.p.r. spectra were recorded with a JEOL TES100 e.p.r. spectrometer. Low temperature measurements were recorded at the liquid N 2 temperature (77 K) using ES-UCD3X insertion type Dewar.
Materials
All chemicals and reagents were obtained from commercial sources and were used without further purification. The solvents for electrochemical measurements, ligands and complex synthesis were purified and dried according to the standard procedure [6] . n-Bu 4 NClO 4 , used as the supporting electrolyte for electrochemical measurements, was prepared from n-Bu 4 NBr, HClO 4 and NaHCO 3 . Recrystallisation was performed from hot EtOH and further drying was carried out in a vacuum desiccator. 
Synthesis of ligands
To PC-I (0.010 mol, 3.72 g) in EtOH (50 ml) was added an EtOH solution of L -proline (0.010 mol, 1.15 g) followed by slow addition of 37% formalin (0.015 mol, 1.2 cm 3 ). The resulting mixture was stirred at room temperature for 1 h and heated to reflux for 24 h. The solvent was then evaporated to give a yellow oil. Column chromatographic separation on alumina gave the product as a slightly yellow oil. Yield: 42% (2.09 g 
Results and discussion
Synthesis and characterization
Two new unsymmetrical binucleating ligands H 2 L 1 and H 2 L 2 were synthesized via the aromatic Mannich base reaction using para substituted phenol, formaldehyde, secondary amine and L -proline. A series of binuclear copper(II) complexes with different exogenous bridging motifs, viz. OAc, Br and Cl were synthesized by adding a 2:1 ratio of the corresponding metal salts and ligands (Scheme 1).
The structure of the complexes was elucidated using spectroscopic techniques such as i.r, u.v.-vis., elemental analysis and FAB mass spectrometry. The spectral and analytical data are given in the experimental section. The FAB mass spectrum of complex (2a) is displayed in Figure 1 .
Electronic spectra of the complexes were recorded in DMF and the data are given in Table 1 . The complexes show three main features: a weak broad band in the 640-700 nm region for the d-d transition, a moderately intense band in the 340-425 nm region for the phenolato-to-copper charge-transfer transition, and a more intense band at ca. 220-250 nm for the intraligand p-p* charge-transfer transition. The position of the phenolato-to-copper LMCT charge-transfer band is sensitive to the electron density on the central copper [7] atom. This peak, observed at a slightly lower wavelength for complexes of H 2 L 1 , where the para position of the phenolic ring is substituted by the electron withdrawing -Br group, increases the Lewis acidity of the copper center, thus shifting the phenolato to copper LMCT band to higher energy [8] , whereas for the complexes of H 2 L 2 , the electron donating -Me group at the para position of the phenolic ring, decreases the Lewis acidity of the copper and hence shifts the LMCT band to the lower energy region. Moreover, this band is an exogenous bridging ligand dependent upon and shifting to lower energy for larger X, following the order: OAc < Br < Cl. Absorptions due to X ¼ Cl ) is in accord with the bridging mode of the acetate group [9] . All the complexes exhibit a sharp band at ca. 750 cm Table 2) .
The electrochemical properties of the binuclear copper(II)-copper(II) compounds (1a)-(2c) were studied by cyclic voltammetry in DMF solution. The cyclic voltammogram of complex (2c) is shown in Figure 2 . The cyclic voltammograms of all the studied complexes reveal the presence of irreversible cathodic reduction peaks in the )0.30 to )1.81 V range, as is evident from the fact that the shape and position of a reduction peak A broad anodic oxidation peak is observed for all the complexes in the )0.21 to 1.23 V range. The breadth of the oxidation peak suggests superposition of two close one-electron processes, which are assigned to the reoxidations of the Cu II Cu I and Cu II Cu II species, respectively. The irreversibility of redox processes in these complexes is attributed to changes in the coordination geometry or coordination number upon changing the oxidation state.
Magnetic studies
The observed room temperature magnetic moment values for the binuclear copper(II) complexes are in the 1.58-1.68 B.M. range, suggesting the presence of a weak antiferromagnetic interaction between the two copper(II) ions. To evaluate the singlet-triplet energy separation ()2J), variable temperature magnetic studies of the binuclear complexes were performed in the 80-300 K range and the experimental magnetic susceptibility values were fitted to the modified Bleaney-Bowers equation [11] to evaluate the best fit parameters for )2J, P and g.
The value of N a has been fixed as 60 · 10 )6 cm 3 mol )1 . Here, v m is the molar magnetic susceptibility corrected for diamagnetism, and P is the percentage of paramagnetic impurities; the other symbols have their usual meaning. The magnetic parameters are also given in Table 1 . Figure 3 depicts the temperature dependence of the magnetic properties of the complex (1c).
Generally a weak exchange interaction is observed for unsymmetrical dicopper(II) complexes due to lack of coplanarity between the two copper planes [12, 13] . However other factors, i.e., reduction in electron density on the copper atoms [14] and a distorted structure [15] [16] [17] [18] [19] are unfavorable for effecting coupling. In accordance with these results, the observed coupling constant values for the complexes are low. Comparison of the complexes (2a, 1b and 1c) , shows that the singlet-triplet splitting 2J varies systematically with coordination geometry about the Cu 2 O(X) core; the bromo and chloro bridged complexes exhibiting relatively high antiferromagnetic coupling compared to acetato bridged complexes. The extent of antiferromagnetic coupling increases in the order: OAc ) < Cl ) < Br ) . A lower )2J value observed for the acetato bridged complex is possibly due to the counter complementary nature of the overlap of the magnetic orbital involving the monoatomic and the three atom bridging ligands [20] . A slightly lower )2J value, observed for the chloro-bridged complex when compared to the bromo-bridged complex, may be due to the higher electronegativity of the former than of the latter.
Electron paramagnetic resonance studies
In order to gain further insight into the intramolecular magnetic interactions of binuclear copper complexes, Xband e.p.r. spectra were obtained for both powder and solution samples at 300 and at 77 K. The powder e.p.r spectra of [Cu 2 L(X)] + complexes (1a-2c), recorded at room temperature and at liquid N 2 temperature, show two different types of e.p.r. spectra. The complexes (1a), (2a), (2b) and (2c) have broad isotropic spectral features, indicating the presence of an antiferromagnetic interaction [21] between the two copper(II) ions. On the other hand, bromo-(1b) and chloro-(1c) bridged complexes of H 2 L 1 display axially symmetric spectra with unresolved copper hyperfine resonances. This shows that the coupling between the two neighboring copper nuclei is reduced due to the presence of the electronwithdrawing bromo substituent at the para position of the phenolic ring, which reduces the electron density on the copper centre and consequently the effective overlap between the two metal orbitals. These features indicate that the complexes are antiferromagnetically coupled and that the exchange interaction is weak. These results reflect further the 2J values calculated from the variable temperature magnetic susceptibility measurements on powder samples. Typical powder e.p.r. spectra for the (2a) and (1c) complexes, recorded at 77 K, are given in Figure 4 . The room temperature solution e.p.r. spectra show the typical four-line pattern expected for coupling of the electron spin to the nuclear spin 3/2 of the copper nucleus. e.p.r. spectra of frozen solutions at 77 K are characterized by axial g and A tensors with g i > gî ndicating the planar based geometry around the copper centre. Three of the four parallel hyperfine features are well resolved while the fourth one at high field is overlapped by the broad g^signal. These results indicate that the complexes undergo dissociation to a lesser extent by addition of coordinating solvent, and give spectra corresponding to the monomeric species [22] .
All the e.p.r. parameters are given in Table 3 . From the Table, we can see that the spin Hamiltonian parameters calculated from powder and solution spectra of complexes of H 2 L 2 , recorded at both RT and LNT, are almost similar but differ from complexes of H 2 L 1 . This shows that these complexes are sensitive to the (+ or )) inductive effect of the substituent on the phenyl ring and the exogenous bridges have little effect on these values. However, no final correlation can be drawn between these values and the intramolecular interaction between the two copper centres which is mainly tuned by the exogenous bridging nature as well as by the inductive effect of the phenyl ring substituent.
In order to confirm the spin Hamiltonian parameters, we have simulated a few powder and solution spectra using the e.p.r.-n.m.r. program [23] with the spin Hamiltonian parameters given in Table 3 . The agreement between experimental and theoretical spectra is very good. A simulated and experimental e.p.r. spectrum of a liquid N 2 temperature DMF glass of complex (1a) is given in Figure 5 . 
